Introduction
The growth of multi-walled carbon nanotubes (MWCNTs) and single-walled carbon nanotubes (SWCNTs) using chemical vapour deposition (CVD) at high temperatures is a well-established technique [1] . The method generally requires the use of a transition metal catalyst, typically Ni, Fe, or Co, which is deposited onto a high surface-area support, such as alumina (Al 2 O 3 ) or aluminosilicate (e.g., zeolite Y) [2] . The main advantages of the CVD technique are its simplicity, high throughput, and low running costs. However, there remain several disadvantages to CVD, e.g., it is still very challenging to produce SWCNTs in high yields and with high quality. SWCNTs are very highly strained structures, and are therefore less abundant in the synthesized products. Large-volume growth of SWCNTs is an important goal because they exhibit the sought-after features of the carbon nanotube, such as high electrical conductivity and enormous tensile strength [3] .
It has been found that bimetallic catalysts are much more effective for CVD growth of SWCNTs than single metals. Combinations that have been used successfully include Rh/Pd, Ni/Co, Ni/Y, and Ni/La.
In particular, it has been found that addition of small proportions (< 10%) of Mo into Fe-based catalysts can increase both the quality and the yield of SWCNTs [4] . There may be a number of factors that influence the behaviour of the bimetallic catalyst. It is generally accepted that metal nanoparticles are formed at the high temperatures of the CVD process, and that these nanoparticles act as templates for the growth of the SWCNTs. It is believed that a small amount of Mo dissolved into the Fe nanoparticle helps to lower the melting point of the particle, thus stimulating activity of the catalyst. A popular mechanism that has been proposed for the growth of SWCNTs is the decomposition mechanism, in which the carbon precursor, such as methane, decomposes to elemental C that is stored by the metal nanoparticle, and is then released to produce the hexagonal nanotube network [2] . There is Page 2 of 14 substantial evidence to support decomposition, and it has been postulated that formation of metal carbides are an important feature of this mechanism [5] . The presence of Mo in the Fe nanoparticle could not only lower its melting point, but also increase the solubility of C in the nanoparticle [5] .
Another explanation of the growth mechanism comes from noting the use of zeolite-supported Mo as an effective catalyst for dehydroaromatization (DHA) of methane [6] . In the ring-addition mechanism of SWCNT growth, it is postulated that growth of the nanotube occurs by addition of the sixmembered rings that produce the graphitic structure. Evidence for this mechanism comes from analysis of H 2 gas in the exhaust of CVD experiments run with benzene as the carbon source [7, 8] .
Therefore, it is suggested that the DHA activity of the Mo in the Fe-based catalyst could produce carbon rings from methane that may then take part in the ring-addition process.
The importance of the support in CVD of SWCNTs has often been ignored in favour of studying the effects of the composition of the metal catalyst. In particular, there have been very few studies of MgO as a catalyst support, in spite of the fact that it is relatively cheap and obtainable commercially as a nanopowder. Also, MgO has the critical advantage that it can be easily removed and recycled after the CVD using dilute acid: by comparison, removal of aluminosilicates requires harsher treatments, such as concentrated acids [9] . The Fe/MgO catalyst has been shown to be a highly effective combination for SWCNT growth [9] [10] [11] [12] [13] [14] [15] , even without the use of a bimetallic catalyst. The reason for the success of Fe/MgO has been shown to be due to the strong interaction between welldispersed Fe nanoparticles and the MgO support. In particular, there is evidence that the MgO acts like a sponge, soaking up excess Fe [16] . Once the catalyst has been annealed at high temperature to form a homogeneous solid solution of MgFe 2 O 4 in MgO, reduction by the carbon-containing gas (e.g., methane) precipitates out very small particles of iron [10] .
In the present work, we compare the use of Ce and Mo as components in MgO-supported Fe catalysts for CVD growth of SWCNTs. The use of Ce as a catalyst for growth of CNT by CVD is, to the best of our knowledge, demonstrated here for the first time. We show that small loadings of Mo and Ce are entirely compatible with the Fe/MgO system, and that both Mo and Ce improve the total yield of product while retaining the quality of the SWCNTs produced. The powdered catalyst (0.1 g) was dispersed into an alumina boat for each experiment. The boat was introduced into the centre of the alumina work tube (25.4 mm diameter) of a furnace (MTF 12/38/250, Carbolite, UK). Gas-tight ends were attached that were connected to the gas handling system. The furnace was heated up to the reaction temperature (900 °C) at a rate of 30 °C min -1 in a flow of Ar gas at a rate of 400 cm 3 min -1 . Once the furnace had reached the reaction temperature, the gas flow was changed to 200 cm 3 min -1 of methane. After 30 minutes the gas flow was changed back to 400 cm 3 min -1 of argon, and the setup was allowed to cool to room temperature. The samples were removed after the furnace had cooled below 200 °C.
Experimental methods

Catalyst preparation
Sample analysis
The samples were characterized using Raman spectroscopy with a Labram 300 microscope (Jobin Yvon, France) with excitation at 632.8 nm (13 mW, with collections typically 100 seconds). Samples were prepared for Raman analysis by dispersing some of the sample onto a silicon wafer.
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Thermogravimetric analysis (TGA) was conducted using a thermobalance (TG762, Stanton Redcroft, UK) heating from room temperature to 1000°C at a rate of 10 °C min -1 . Samples were prepared for scanning electron microscopy (SEM) by placing them onto a piece of carbon tape (a carbon sticky)
that was affixed to a specimen stub. SEM images were obtained using a XL30CP microscope (Philips, Netherlands) having the secondary electron detector with a typical working distance of 10 mm and accelerating voltage of 30 kV. Samples were prepared for transmission electron microscopy (TEM)
by dispersing some of the material in ethanol using gentle ultrasonication and by dropping a little of the dispersed product onto carbon-coated grids. TEM images were captured using a JEM-1230
Electron Microscope (JEOL, Japan) with an accelerating voltage of 100 kV.
Results and discussion
Representative TEM images of the carbon nanotubes produced are shown in Fig.1 , and corresponding SEM images are shown in Fig. 2 . As can be seen, there is clear evidence for production of predominantly high-quality SWCNT, and these results are consistent with the Raman spectroscopy and TGA. As has been discussed in detail [17] , the G band (at ~1590 cm -1 ) originates from ordered, well- ) is also indicative of the presence of SWCNTs [18] . The ratio of integrated areas of the D and G bands (D/G ratio) in the Raman spectrum has been used widely as a measure of the quality of graphitization of a sample, and therefore of the quality of the CNT produced: a smaller D/G ratio is consistent with fewer tube defects. A summary of the results of the Raman spectroscopy and thermogravimetric analysis are shown in Table 2 . The yield of C as determined by high temperature burn-off in the TGA indicates that good graphitic carbon has been produced. The high intensity of radial breathing modes from the Raman spectra ( Fig. 3) , along with the abundant tubes seen in the electron microscopy ( Figs 1 and 2) give us confidence that the yields obtained represent closely the mass yields of carbon nanotubes. In terms of production of graphitic C, it can be seen that all of the catalysts are equally effective (~10-20 mg C yield): however, low loadings of Mo are particularly productive, as can be seen from the yields for samples Mo10 and Mo50. Despite the highest yield of the Mo50 catalyst (30.3 mg of C), the Raman spectroscopy reveals that the graphitic quality of the SWCNT (as indicated by the D/G ratio) for that sample is lower than some of the other catalyst combinations. Table 2 . Summary of the results of the Raman spectroscopy and thermogravimetric analysis. The sample labels correspond to the metal loadings shown in Table 1 We can see from Table 2 , that Mo or Ce alone produces a totally ineffective catalyst, the D/G ratios are exceedingly poor, and no RBMs are observed: this indicates that there are no, or very few, SWCNTs. In terms of graphitic quality, the best CNTs were observed for Fe100, Mo10 and Ce10, and the D/G ratios for these are approximately the same. As the loading of Ce or Mo is increased relative to Fe, it is seen that the D/G ratio increases, indicating that the quality of the CNTs is decreasing, see catalysts are therefore the Ce10 and Mo10 catalysts. However, we stress that the CVD system has not been fully optimized in terms of the other parameters such as temperature, gas flow, buffer gas.
Therefore, finer tuning of these parameters would potentially improve the yields for the Ce10 and Mo10 catalysts. For comparison, the D/G ratio of a commercial sample of SWCNTs (HiPco tubes, Carbon Nanotechnologies Inc., Houston, TX, USA) was measured, using the same method as outlined above, to be 0.12. Thus, the quality of the SWCNT reported here is very high. As discussed above, the use of Mo/Fe to enhance growth of SWCNTs has been well-documented [4] .
On the other hand, Ce has received very little attention as a potential catalyst for SWCNT growth.
Cerium oxide (CeO 2 ) has a reputation for use in environmental catalysis [19] . Liu et al. have looked at the combination of Ce/Ni doped into graphite rods used in an arc-discharge system for growth of SWCNTs, and have shown that Ce promotes growth of narrower diameter tubes [20] . We show here, for the first time, the use of Ce as a catalyst in SWCNT growth using CVD. It is interesting to consider that cerium is known as a catalyst in diesel-soot abatement technology [19] , and it is evident that Ce alone, if anything, does not promote the growth of SWCNT. However, Ce does appear to make an effective bimetallic additive in combination with Fe for growth of SWCNTs. Ce is not known as a catalyst for promotion of dehydroaromatization (DHA) of methane. The fact that low loadings of Ce and Mo appear to be equally effective for promoting SWCNT growth goes against the hypothesis that Mo enables the ring-addition mechanism for growth of SWCNT. It seems more likely that Mo and Ce both promote the growth by assisting the metal nanoparticle to operate via the decomposition mechanism. In addition, our results question the special importance that has been attributed to Mo as an additive to Fe-based catalysts for SWCNT growth, as it appears that Ce is equally effective.
There is evidence to support that formation of the alloy MgFe 2 O 4 is a key step in the CVD process using MgO-supported Fe catalysts [10, 16] . Our results show that the presence of small loadings (~10%) of the additive Ce or Mo does not significantly interfere with this proposed mechanism, although we have no direct evidence to show that the Ce or Mo is participating in the alloy formation. Instead, it . (1) Using this equation, we find that the RBM at 188 cm -1 corresponds to a tube with diameter of 1.32 nm, and that at 212 cm -1 corresponds to a tube with diameter of 1.17 nm. Examination of an appropriate Kataura plot suggests that both of these tubes are metallic [22] . Of course, there will be a range of tubes of other diameters in the sample: we only see two intense RBMs because we are using and is best fitted by a Breit-Wigner-Fano lineshape [17, 23] . Using the data shown in Fig. 5, we have fitted the G-bands for both samples using a combination of the above lineshapes. The results are summarized in Table 3 .
Page 10 of 14 Fig. 4 , and text for details). The ratios in the right-hand column indicate a higher proportion of metallic to semiconducting SWCNTs, within the limited subset of tubes that are detected at this excitation wavelength.
As can be seen from Fig. 5 and from Table 3 , the cerium-loaded catalyst Ce10 produced a higher proportion (~25%) of metallic SWCNTs compared to the molybdenum-loaded Mo10 catalyst, within the subset of tubes that are detected at the particular optical excitation. Raman excitation at a number of different wavelengths would be required to determine if this preference for metallic tubes was true for the whole sample. However, we can say that there is a clear difference in the distributions of chiralities of the tubes for the two catalysts. The difference suggests that the mechanism for SWCNT growth may be different for the Ce versus Mo catalysts. The electronic properties of a SWCNT are intimately linked to its structure, and can be determined from the chiral (or Hamada) vector (n, m) of the nanotube [24] . If ( ) 3 n m q  , where q is an integer, then the tube is metallic, otherwise it is semiconducting. For a random sample of tubes, it would be expected that around a third of the tubes would be metallic. In the present case, it can be seen that metallic tubes are more favoured than average, for both Ce and Mo catalysts. One of the future goals of SWCNT synthesis is to selectively produce nanotubes that favour predominantly metallic or semiconducting structures, so that these may be targeted for specific applications. Although such fine control in CVD appears very challenging, nevertheless we may use different catalysts to bias the quality and structure of SWCNT. As our understanding of the growth mechanism associated with different catalysts increases, we hope to be able to develop CVD catalysts that are both more efficient and more selective.
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Conclusions
In the present work we have studied the use of bimetallic Ce/Fe and Mo/Fe catalysts at various loadings on MgO supports. We have demonstrated for the first time, to the best of our knowledge, the use of Ce-based catalysts for CVD growth of carbon nanotubes. Our results suggest that the Ce/Fe system with relative loading of 10 wt % are very suitable for catalysts that favour single-walled carbon nanotube growth. We found that Ce and Mo are both equally good at improving growth of SWCNTs compared to Fe alone, suggesting that dehydroaromatization is not the defining mechanism for the growth, as has been suggested for Mo/Fe systems previously. Our results show that Ce and Mo do not seriously perturb the well-known Fe/MgO system for growth of high quality SWCNT. Using Raman spectroscopy, we have shown that the Ce(10%)/Fe/MgO catalyst system favours growth of metallic SWCNTs compared to the analogous Mo(10%)/Fe/MgO system.
